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- he i65 t  of t h e  source aLxe t h e  r e f l e c t i n g  plane 
- height of  r e c e i v e r  above t h e  r e f l e c t i n g  p lane  
- d i s t ance  of source from r e c e i v e r  
- l ength  o f  t r a j e c t c r y  followed by r e f l e c t e d  s i g n a l  
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- complex r e f l e c t i o n  c o e f f i c i e n t  
- moduLus of t h e  r e f l e c t i o n  c o e f f i c i e n t  
- argument of  t he  r e - f l ec t ion  c o e f f i c i e n t  
- a u t o c o r r e l a t i o n  c o e f f i c i e n t  of  p ( t )  

- s p e c t r a l  dens i ty  
- value of t he  spectral  d e r i s i t y  of white coise 

- dianeter of t he  e j e c t i o n  s e c t i o n  
- e jec t ior ,  v e l o c i t y  of  t h e  j e t  

-- a x i a l  d i s t a n c e  of  sound sourze  from t n e  e j e c t i o n  p lane  
- angle formed by t h e  direction of  sound emission and 

- ins tzn taneous  v e l o c i t y  i n  t he  n ix ing  I-egion 
t h e  j L t  '3x5s 
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ACOUSTIC INTERFERENCE BY REFLECTION 
APPLICATION TO THE SC)UND PRESSURE SPECTRUM 

CF JETS 

P. Tkomas 

ABSTRACT. Theore t i ca l  and experimental  
stadies of the  i n t e r f e r i n g  re f lec t i . cn  phenomena 
which d i s t o r t  acmstic measurements and some 
fundamental. r e l a t i o n s  for developing appl icable  
c o r r e c t i o n  f a c t o r s  were eva lua ted .  Two hgpo- 
theses were examined: t h a t  of white no i se ,  an3  
that. of the a c t u a l  source.  Each was found to 
be v a l i d  i n  desc r ib ing  je% n o i s e  d i s t r i b u t i o n  
c h a r a c t e r i s t i c s  assumir,g a perfec+,lg r e f l e c t i n g  
su r face .  The phenomena of i n t e r f e r e n c e s  are 
aftered vhen the jet is nea r  t h e  s u r f a c e  &id 
under c e r t a i n  st lstained gene ra to r  condi t ions .  

N? @- 13 14 7 

Becailae of  t h e  complextty of +,he laws which govern a c o u s t i c  / l O - l *  

ernissky of j e t s ,  only numeraus experimental  r e s u l t s  can j u s t i f y  
the hypotheses introduced i n  t h e o r e t i c a l  s t u d i e s .  But t h i s  

experimental  j u s t i z i c a t i o n  can b% v a l i d  m l y  If  it is  known that 
t h e  acous t i c  p r o p e r t i e s  of t h e s e  je ts  Lne measured under icieal 

condi t ions,  axong Khich those  of a free f i e l d  are by far the  most 
important.  

Even thoilgh it is  r e l a t i v e l y  easy t o  ob ta in  such condi t ions  
d u r i n g  experimectal  s t u d i e s  of models (measurement i n  anechoic 
chamber o r  i n  t h e  open a i r  a t  a siiffic1er. t  he ight  above t h e  

* 
Numbers i n  t h e  margin i n d i c a t e  t h e  paginat ion i n  t h e  o r i g i n a l  
fore ign  t e x t .  

1 



ground), it is  p r a c t i z a l l y  impossible t o  avoid proximity t o  t h e  

ground during acous t i c  mtqsurements around t u r b o j e t s .  Whether it 
is  a matter of  measuring a r ~ ~ ~ n d  engir,es on test  beds or aircraft 
i n  f l i g h t ,  it is  r a r e l y  p o s s i b l e  t o  f i n d  a test  area w i t h  uniform 
and s p e 2 i f i c  c h a r a c t e r i s t i c s ,  I n  most cases, the measurements 
are rade at the  edge of a runway, 2ver grassy  ground o r  nixed 
t e r r a i n  ( p a r t l y  grass, p a r t l y  concre te ) .  

- - _ _  -. 

Acousttc pressure  spectra measured unde, these condi t ions  thus  
undergo p e r t u r t a t i o n s  produced by complex r e f l e c t i o n  phenomena 
which are in f luenced  by the  n a t u r e  of the grcmnd and t h e  r e l a t i v e  
arrangement of  t h e  source and receiver. An i l l u s t r a t i o n  d the  

behavior ob ta ined  is given  by Figures  1 and 2. Figure 1 shows 
the  speckra of an ATAR tur5ojeCu measured a t  c O ; ? s t a f i t  heist above 
t h e  grass, a t  three d i f f e r e n t  d i s t a n c e s  f?om t h e  engine t n  t he  

d i r e c t i c n  of maxiil3um sonic  emission of the J e t  Based cn  their  
c h a r a c t e r i s t i c  appearance, t h e  s p e c t r a  shown i n  Ffgure 2,  fron 
measurements made dur ing  a n . a i r c r a f t  o v e r f l i g h t ,  ihcw that such 
measurements are not  devoid of pe r tu rka t ions  proauced by reflec- 
:ions from the grourui. 

These examples show the  need f o r  a method of  c o r r e c t i o n  which 
w i l l  m a k e  all-owances f o r  ir.t%rfeTence phenomen2 re su lb ing  f ron 
r e f l e c t i o n s  by a ref lecfvive o r  p a r t i a l l y  absorbing su r face .  After 
a review of t h e  r e l a t i o n s  which express  t he  c o r r e c t i o n  f a c t o r s  t o  
b e  appl ied  t o  t h e  s p e c t r a l  ana lyses  of no i se  from a poin t  source,  
w e  sliall examine t h e  p o s s i b i l i t i e s  of applying t h e  express ions  
obtained t o  measurements of t h e  noise  of t u r b c j e t s .  

However, s ince  SNECMA has b u i l t  a t e s t  f a c i l i t y  a t  Istres 
f o r  acous t ic  measurements around t u r b o j e t s  which conforms tc~ t h e  

reconmendatlon of t h e  13.0. ( L e . ,  w i t h  a concre te  area),  t h e  

t h e o r e t i c a l  and exper imenta l  s tudy has been more p a r t i c u l a r l y  
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o r i e n t e d  toward such condi t ions  of measurement. Examplzs c?T 
co r rec t ions  appl ied  t o  acous t i c  pressure  s p e c t r a  recwded a t  t h i s  

i n s t a l l a t i m  show that it is  p o s s i b l e  t o  reproduce the f r e e - f i e l d  
bekavior of  the s _ , e c t r a  i n  a s a t i s f a c t o r y  manner. 

Review of Rela t rons  for  Noise Emission 
bv a Poin t  Source 

Hypotheses. Theore t i ca l  approzches t o  the  problem of acoustic 
i n t e r f e r e n c e s  from r s f l e c t i o n  by a plane have been analysed by 
d i f f e r e n t  au thors  ( E l ] ,  [?I, C3-J); they  w i l l  no t  be developed i n  
t h i s  chapter .  V e  shall ,  however, review t h e  hypotheses necessary 
f o r  e s t a b l i s h i n g  t h e  fundameritnl re laf ions t o  b e  c i ted below. 

The poin t  s o m d  source is assumed t o  e m i t  a stEady r a d o n  
no i se  which satisfies t h e  e rgodic  hypathesis . 

The r e c e i v e r  is  considered t o  be i n  t h e  far f i e l d  of t he  

source ,  L e . ,  a t  a d i s t a n c e  which i s  large comparsd :o t h e  wave- 
lengthz of  t h e  emi t t e2  noise .  The s p e c t r a  thus  r e t a i n  the i r  
shape a w i n g  cropagat ion ,  s i n c e  ezch of t h e  camponents obeys t he  

inve r se  sqtrare l a w  of  d i s t a n c e  from t h e  source ( w i t h  t he  condi t ion  
of neglec t ing  atmospheric absorp t ion ,  which i s  p a r t i c u l a r l y  
p e x e s t i b l e  a t  high f r equenc ie s ) .  

The atmosphere i n  which t h e  sound waves propagate is ass;uned 

t o  b e  j so thermal ,  motionless ,  and homogeneous. 

I r r e g g l a r i t i e s  I n  the  p lane  r e f l e c t i n g  sur2'ace are assimed 
small w i t h  r e spec t  t o  t h e  wavelengths, s o  that t h e  r e f l e c t i o n  can 
b e  considered specu la r ,  which ieaes t o  t h e  concept of an image 
source s>.nmetric w i t h  respec t  t o  t h e  real  source across  t h e  

x z f l e c t i n g  p l a n e .  
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A diagran cf t h e  problem is shown i n  2igure 3 .  

Fundamental r e l a t i o n s  f o r  a p e r f e c t  r e f l e c t o r .  If  t h e  p lane  
i s  a perfect reflectcr,  t h e  r a t i o  of the r e s u l t a n t  mean-square 
pressure  t o  ;he mearbsquare p re s su re  which would b e  measured ir 
the free f i e l d  is given by: 

1 2  
z z  R = ; + - $ - C T  

(1) /lo-2 

I n  t h i s  relatior?, 2 is a geometric parameter express ing  &he r a t i o  
of the dii-ect and AJeflected t r a d e c t o r i e s  ( 2  = r%) . 

C- is the normalized a u t o c o r r e l a t i o n  func t ion  o r  au taco r re l -  
L 

at ion  coeff ic ien*; ,  related to the spectra l  dens i ty  W(f) of the 

acoustic pressar? p ( t )  by the  r e l a t i o n :  

This  equat ion  shows tha t ,  f o r  no i se  w i t h  a given spectral  
power dens i ty ,  t he  a u t o c o r r e l a t i o n  c o e f f i c i e n t  is  def ined  by a 
r e l a t i o n  i n  which the  i n t e g r a t i o n  l i m i t s  a p p c s r :  i . e . ,  t he  limit- 
ing f requencies  of the frequency demain considered,  and the  - 

r e t a r d a t i o n  T r e s u l t i n g  from t h e  p a t s  d i f f e r e n c z  t=F= y) . 
If f ,  and fb are t h e  cu tof f  f r e q T x n c i e s  of the Sands f o r  %e 

a 
node o f  s p e c t r a l  analysis c-iosen, and i f  it i s  assumed t h a t  t h e  

f i l t e r s  used are ideal,  t h e  express ion  f o r  CT becomes: 

In t h e  p a r t i c u l a r  case of the emisslon of w h i t e  noise, t h e  
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rollowing expressions r e s u l t  for thz  r a t i o  of t h e  mean-squame 
pressures :  

- whit2 noise ,  a n a l y s i s  w i t h  cons tan t  band-width Af: 

(A, i s  t h e  wavelength of the c e n t r a l  frequency fl; b f  = fb - f a ) .  
L 

- w t i t e  no i se ,  a n a l y s i s  w i t h  cons tan t  band percentage:  

where : 
parameters deter- 
mining t h e  
analyt ical  mode 
chose!?. I A f  a= 2n- 2 fi 

The a n a l y t i c a l  mode being chosen, w e  can p l o t  t h i s  func t ion  

(Equation 5 )  as a func t ion  of L r / A ;  for d i f f e r e n t  va lues  of t h e  

germet r ic  parameter Z .  

I n  f a c t ,  w e  shall a lways  p l o t  t h e  r e f l e c t i o n  index ins tead:  

AN = 10 log(R) . 

Figure 4 i l l u s t r a L e s  t h e  change of AN as a func t ion  of n r / X ;  
i n  the case o f  a n a l y s i s  by l / 3  oc taves  and by  oc taves ;  the geomet- 
r i c  parameter Z i s  assuned t o  be c lose  t o  1. T h i s  value cor re-  
sponds i n  pyac t ice  to t he  majority of  measurements i n  t h e  far  
acoil:jtic f i e l d .  
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Fundamental - relations f o r  a p a r t i a l l y  absorbing su r face .  - We 
shall assume t h a t  t n e  p a r t i a l l y  absorbing plane js c h a r a c t e r i z e d  
a t  a given incidence by a r e f l e c t i o n  c o e f f i c i e n t  wh5ch i s  a 
func t ion  of  frequency: 

-The power spectrum of  t h e  r e s u l t i n g . p r e s s u r e  I n  the pr sence 
of t h o  p i ane  :an be expressed as 

The express ion  f o r  t h e  r e su l t an tmean- squa rep res su re  i n  the  
~- 

band o f  width fa ,  f b  i s  t h e n  w r i t t e n :  

Thus w e  have t h e  r a t i o  of  mean-square p re s su res .  

For t h e  case of w h i t e  no i se  emission, we have t h e  r e l a t io r , :  

'b- fa 
( 9 )  

We may note  t h a t  by assuming lQ(f)l a;?d constant  in t h e  

a n a l y s i s  band !fa,  f s )  and t h e  va lue  considered zorresponds t o  
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t he  c e n t r a l  frequency fi, w e  o b t a i n  t h e  fol lowing expression f o r  
t h e  r a t i o  of the mean-square p re s su re$ :  

Depending on the  t y p e  of a n a l y s i s  chcsen, t h i s  expression 
can take the  fol lowing form?: 

- whlte  noise ,  anaiysis a t  cons tan t  bandwidth: 
:. 

- w h i t e  no i se ,  a n a l y s i s  at  cons tan t  band percentage : 

(11) 

3 3 y u r e  5 shows t he  r e f l e c t i o n  i n d i c e s  c a l c u l a t e d  from 
Equaf;ion ( 1 2 )  f o r  a n a l p i s  by octaves and by i i 3  octaves.  The 
curves t r a c e d  correspond t o  t h e  fol lowing conditior_s : 

Ih,I/Z fc,5 61 = 4 2  

Theore t i ca l  Applicat ion t o  J e t  Noise 

The r e l a t i o n s  revlewed have r equ i r ed  c e r t a j n  hypotheses 
which have been s ta ted  a t  t h e  beginiling af t h e  preceding chapter .  
The supplementary cofldit ion o f  wh i t e  no i se  emission has, in each 
case examined, allowed r e l a t i v e l y  s i m p l e  express ions  t o  b e  obtained. 

Ir, t h i s  chap te r  we sha l l  examine t h e  p o s s i b i l i t y  o f  a p p l y i n g  these 
r e l a t i o n s  t o  t h e  no ise  source which i s  a j e t .  To t h i s  end, we 
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shall b r i e f l y  review t h e  c h a r a c t e r i s t i c s  ef t h e  acous t i c  emissior, 
of jets which might modify the  assumed hypotheses:  

- d i s t r i b u t i c m  cf sound sources i n  j e t s ;  
-- . .  fa r - f ie ld  behavioYof t k e  s p e c t r a l  d e n s i t i e s  of  t h E  - 

acous t i c  pressure .  

/10-4 

e 

Examination - of  these c h a r a c t e r i s t i c s .  If w e  re fe r  t o  t he  

c l a s s i c a l  diagram of a gas j e t  escaping from an o r i f i c e  i n t o  an 
atmosphere at rest (Figure 6 ) ,  w e  can d i s t i n g u i s h  three p r i n c i p a l  . 

’ zones : 

io-,e A: cone of cons tan t  v e l o c i t y  
Zcne B: zone of p e r i p h e r a l  mixing with s t rong  turbulence  

produced by entrainment or‘ ambiant a i r  
Zone C:  zone downstream from the cone of cons tan t  v e l o c i t y -  

-- 

where mixing i s  f u l l y  established 

Since the  work of Powell [4],  based an L i g h t h i l l ’ s  theory ,  
it has genera l ly  been assumed t h a t  zones B and C (which e m i t  The 

no i se )  can be divl.de? i n t o  s e c t i o n s  perpendicular  K O  t n e  j e L  a l r i d ,  

and tha t  each o f  these s e c t i m s  emits a w e l l -  :etermined frequency. 
Spec t r a l  measurements along j e t s  have shown t h i s  t o  be j u s t i f i e d .  - 
Graph A of F i g u v  6 thrrs p r e s e n t s  s e v e r a l  measured vali!es of t h e  

a x l a l  p o s i t i c ?  of sound sources  as a funs t ion  of t h e  S t rouhal  
number ( S  = f D/U ) which a r e  v a l i d  fci. s u b c r i t i c a l  o r  s l i g h t l y  
s u p e r c r i t i c - l  j e t s .  More r ecen t  experimental  s t u d i e s  of t h e  lo-  
c a l i z a t i o n  have shown t h a t ,  i n  t h e  case  o f  j e t s  a t  h igh  Mach 
number, the axial  d i s t ances  car1 reach valuez cons iaerably  iarger  
than  those  presented on t h i s  graph. 

. .  

j 

The speckra l  d e n s i t i e s  o f  t h e  acous t i c  pressure  i n  t h e  rar 
f i e l d  of a j e t  a r e  funciioiir; zf t h e  a;imuth qf the measurement 
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pain%-dith - respect t3 th? - axis of the j e t .  

behavior at two azimuths, one-s f  which cor-respmds to  maximus sonic 

The man measzlred 

- 
~ 

- Si;,lcz the spectral ..densities of j e t  noise. vary  continucusly, 
we have ex-ned -',he following 
.hypothesis that the j e t  may be 

- 

- inf luence of the  shape 

two points under- the ,pra,visvy 
considered 25 -a point source: 

of the spectral density on ihe 
overall rer'ie G t  ion  i.-idex; 

change in t h e  autocorrplation f a x t i o n  f o r  +,he two cammon 
types c f  analysis: c)c res  ami l;3 octaves.  

- in f luence  of t h e  slope of the  spectre1 density on t h e  

- 
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Figare 7 wain shows t h z  spec t ra l  densities of Figure 6 
+ GOo, and an approximat im m-ax corresponding 50 azfmuths and. e 

to these densikies, assltmed to be expre:siSle h:: a r e l a t f a n  having 
the form: 

For z reflector ass*smed t o  tz p e r f e c t ,  t h e  overall ref lect ion 
index can be w r i t t e n  as: 110-5 

is the wavelecgth corresponding t o  the  maximm value cf 
ElhX 

where A 

the spectrr,l de1isit.y. The same figure shows t h e  v m i a t i o n  of' AN 
2 s  a funct ion  of AP,'?. f o r  2 2 1, which is v a l i d  for t h e  knajority 

of practical c z s e s .  Gn t h e  same graph w e  hzv? drawn the horizorrtzl 
straight l k e  a t  +3  di3 which is  a p p l i c a b l e  t o  a sciirce emit t i r rg  
white wise  under t h e  saxe cond i t ions  of measureaent. These curves 
are F r a c t l c a l l y  i d e n t i c z l  wher, &S!A is g r e e t e r  t h a n  0.1. 

g 
max 

max 

The . influen,e of t h e  s l o p e  of the s p e c t r a l  dens i ty  on t h e  

autocorrelation c c e f f i c i e n t  i n  a b a i  of  a E a l y s i s  by octaves  o r  
1 1 3  octaves i s  i l l u s t ~ a t e c ?  by Figure 8 .  These graphs  reveal that 
a s l o p e  varying f ron  +2 t o  -2 has no effect % s r  a n a l y s i s  by 1/3 
octaves, and t h a t  i t  can be neglected i n  a n a l y s i s  t2 octzves .  
I n  fact, t h i s  p r o 2 e r t y  is :%ill valid to a good approximation when 
the slope is e q u a l  to +3. - 
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These propep t ies  make i t  poss ib l e  t o  use the h y g s t h e s i s  of 
whi+,e noise i n  eva luz t ing  t h e  phe2omena of r e f l e c t i o n  Bnterfzrence 
of  j e t  noise. 

Irrfluence of the dimensiozs of a so-md source which is  a j e t .  

We shal l  ~ G W  exzrnize the :nflgence of  t h e  ? I n i t ?  dlnensions of 
"the S Q U Z I ~  S G U ~ C ~  ~ h t c h  constitutes 2 j e t .  This exaiin&.Siorn w i l l  
provide t h e  lirsits within which the simplifying hypothesis  o f  3 
p ~ i n t  source centeyed i n  ?lie plane of e j e c t i o n  i s  a c c e p t z b l e ,  
+,alcicg into considerstion the d f s t r i b u t i o n  of sound, saurces mer+ 
t i oned  prev%sus ig ,  IP: we conszder an e l w e n t z r y  scurce situated 
i n  the ~fxing =.egion, t he  c a l c u l a t i o n  of t h e  path  d i f f e r e n c e ,  
carried ou% by f i c t i t i o u s l y  restaring t h i s  saurce to the cer%er 
of t he  nozzle, is  i n  error. We have thus t r i e d  t o  e s t i r k e  this 
z m o r  by consi6ez-lng: 

- 

- t h e  inf luence  of thr ax la l  distribution of elementzry 
sources ,  32 assuming thzt  t h e y  are p l a c e d  on the j e t  axis; 

elementary sources ,  
- the in f luence  of t h e  peripheral d i s t r i b u t i o n  of these 

3. the r "5 rs t  szse, 2 sixple c a l c u l a t i o n  shows %hat t h e  rela- 
e ive error En t h e  path Cifference which can result ,from t h e  hypo- 
t hes i s  giver, above I s :  

sihere L i s  t h e  d i s t a n c e  from an elzmentary sotli'ce t o  t h e  ? l a n e  of 
3 j e c t i o n  ( s e e  the eiagran sf -.igure 6 ) .  irie CEO z3nclude thzt, 

for a13 t h e  zoise nezsurerents made i n  t.he far f l e? ld  cf a j e t ,  

f o r  which 2 1, it i s  ?ossi-ble  t o  neglec t  t h e  ax ia l  distribution 



of t h e  SGU~C--:S i n  calculating t h e  r e f ' l z c t i m  shenoxena, and t o  
assume that a c o a s t i c  e r i x h r i  OCCUFS 2 3  th? plane af  ejection. 

Since t h e  a c o u ~ t i c  emission is p a r t i c u l a r l y  i n t e n s e  ir! t h e  

z l x i n g  zone suzrrourc3-Icg t h e  cors t snc-ve loc i ty  c m e ,  and. takirrg 
i n t ~  cansZderatior- t k ~  prezedi-ig r e s u l t ,  3 can t h u s  be assmed 

t ha t  the J e t  i s  e&ufv-- lent  'Lo a n  anrrular C.is:rL3utfo~ of' sourci?s 
E t  the edge a f  the nszzle- kkzn we assum t h e  zcoias-tie enissicn 
to be concentrated LL the cent.cn. af the  rrozzle ,  we : i c t i t h o u s l y  
d i s g l s c e  the elenerr'ary so-md sources by L eiast-ance 3.G. &A, 2 

disp lacenent  parallel. t o  the r e f l e c t i n g  p l a n e  fs equivalent to an 
axfal dfsp lacezent  , and i-iill consequently bc. r ,egligiSle - The 

scund sources c2n thus be assumed to be L : < i r i b u t e d  along She 

v e r t i c a l  d 5 z x t e r  @f ib7e nozzle, and +,his !--ex zerangenent leads us 
t c ~  exarmlne the r e l - i t i v e  errcr i n  the' path di f fkrence  resultipg 
from the r e l a E v e  error  ir, t h e  height  of ar, elementary sourcr,.  
Use of Zin1t.t ciirt"erenc?s i n  a s imple  e r r o r  za lc -~ i la t i sn  gives 
t h e  relatioru: 

T h i s  r e l a t l o n  shous t i ~ a t ,  ,~n lLke  the : w e  of an axial d i s t ~ i b z S L c n ,  

a r e l a t ive  error- i n  height w i l l  produce in most cases ( Z  % 11, 
an  i d e n t i c a l  relative c r re r  i n  t h e  92th d i f f e w n c e .  

1 2  



Acoustic i n t e r f e r e a c e s  f o r  t he  case  of "nrr hdependent  
sour:es. T h i s  new zpproach t o  t h e  problem of  j e t  noise i n t e r f e r -  
ence leads t o  the  assumption t h a t  t h e  sources  are indeFexdsnt. 
Now,  the  s t r i c t  r e l a t i o n  which e x i s t s  between E L C G ~ S ~ ~ C  emission 
md t u r t u l e n c e  al lows us t o  cons ider  t ha t ,  i f  the  spacing between 
two consecu5ive sources  i s  greater than  t h e  maximum per ipkera l  
c o r r e l a t i o n  l eng th ,  then  this hypothesis  i s  satisfied,  Slnce the  

pe=.ip:- 1-2: c o r r e l a t i c n  lengths  are very s m a l l  compared t o  the  

l o n p i t u d b a l  c o r r e l a t i o n  len@hs,  t he  waxfmca value of the  l a t te r  
w i l l  c o n s t f t u t e  an extreme lawer l i m i t  t o  t n s  spacing between 
somces .  The results of c o r r e l z t i o n  mzaswenents  by d i f f e r e n t  
authors have shown that:  

&ere 2: = typ.ic=,l- =rigg>?r frequency esi t ted by a coherent  
tuFSulent volume 

% = c w r e l a t f o c  l eng th  
UT = v e l o c i t y  f luc tua tLon 

Further, e x p e r i r m c  shows t ha t  @ - % o , l s u i ,  and one c m  
2educe from th2s  that t h e  maximum value  of 5 i s  given by: 

r.D o r ,  by in t roducing  the S t r o u h z l  nyirrber s=- : 
Ui 

Tne spacings between sources which we shall consfcer  in t h i s  

s e c t i o n  w i l l  s a t l s i y  t h i s  conditfor! of  independence. 



L e t  us cc r s fde r  a sound s o m c e  compcsed of  N Independent 
e lenentary  sources .  
s i g n a l s  sent d i r e c t l y  by these elerrrentary smrces a long  t h e  
trajeclorg rk, and let 2' (t - T,) b e  t h o s e  f e r  p a t h  r ' , :  

L e t  ?k(t) be  the funct ions repszsent ing  the 

L L. 

rk(rr)  = t r r j e c t o r y  cc  t h e  d i r e c t  wave  fro^ source S. ( s l ) ;  
kT 

Assuming tha t :  

k=n 

one 223 w i t e  tke mezn-square pres su re  i n  the free f i e l d  as :  

s ince  a l i t 5 e  cross  t e r m s  are zero because o f  t h e  hy~otkesis of 
inciependent seurces .  

If there i s  3 p e r f e c t l y  r e f l e c t i n g  plane, t h e  r e s a l t i n g  
pressure  25 a receptor po in t  w i l l  b e  writ+uen 

A s  h matter o f  f a c t ,  t n e  v a r i a t i o n s  is helg.1: cr ciistance 
resslting f;.orr. t h e  source d i s t r i b u t i o n  will produce o n l y  s m a l l  

vzr i2 . t ions  Ln Z .  I n  Equstiorl ( l g ) ,  we can  consequen t ly  c o n s i d e r  
t h e  ~ a r ,  va1r;e of  2 ,  and write:  

14 



The meen square p re s su re  is :  

If we aiiqsys assume the  hypothesis  cf independence ar?d that 
the mise enit ted i s  i n  stezdy-state, iqe have: 

I n  the double s u m a t i o n ,  all t h e  terms f o r  whlch k # 2 a r e  
zero (indepexiencz hypcthesfs ) ,  and we csn w r i t e  

The r a t i o  Jf t h e  m ~ 2 n  square  p re s su re  measured i n  t h e  

Dresence of the plane  [Equatior, (21)] t o  t h e  mean square pressui-e 
mezsured ir, t h e  fret? f i e l d  m' is  t h e r e f o r e  :.rrL.tten as: 

kxn c pJt).pJt -Tk! 
R=i+-+--  1 2  

z2 z tm 

T h i s  express icn  uses  t h e  elemertary a u t o c o r r e l a t i o n  c c e f f i c i e n t :  



And s o  Equation ( 2 4 )  becomes: 

Considering t h e  case  where t n e  n o i s e  emit ted i s  whi t e ,  an3 
t h e  a n a l y s i s  i s  by  cons tan t  bznZ percentage,  w e  have: 

I n  o r d e r  t o  d e f i n e  t h e  maximua acceptab le  spacing between 
sources  taken i n t o  cons ide ra t ion  i n  t h e  c a l c u l a t i o n  of t h e  mean 
m t o c o r r e l a t i o n  c o e f f i c i e n t ,  w e  have c a l c u l a t e d  t h i s  c o e f f i c i e n t  
b y  t a k i n g  two po in t  sources  separated by 2 d i s t a n c e  d. and 
s l t u a t e d  a t  a mean height "h ''- The r e s u l t s  of these ca l cu l s -  
t i a n s  show tha t ,  i f  t h e  r a t i o  d/h, i s  appro:..imtely equal  t o  0 .1 ,  

t h e  r e l a t i v e  e r r o r  i n  t h e  a u t o c o r r e l a t i o n  c o e f f f c i e n t  x i11  b e  

less thzn  t h a t  value.  One can t h u s  conclude t h a t ,  i f  t h e  diam- 

e ter  of  t h e  nozzle  i s  greater t h a n  10% of t h e  he ight  of  i t s  
c e n t e r  above t h e  plane,  i t  i s  necesszry t o  make use  of a d i s t r i -  

but ion  of  elementary sources ,  t h e  minimum number of these be ing  
determined 5g t h e  quar, t i ty d/nm 2 0.1.  
ncted t h a t  t h e  spacing d thus  obtained must s a t i s f y  t h e  c r i t e r i a  
f o r  independence examined grevious ly  . 

in 

It must, however, b e  

As 2n i l l i i s t r z t i o n ,  Figure 9 s h w s  tne change ir, t h e  re- 
f l e c t i o r ,  index f o r  ar, a n a l y s i s  by 1/3 octaves cz l cu l3 t ed  by 

assuming two r a t i o s  of  t h e  nozzle  diameter t o  t h e  nean he igh t :  
D/h = 0 . 2  and D/h = 0 . 4 .  I n  t h i s  g raph ,  w e  have a l s o  shown t h e  

curve f o r  a poin t  source.  



Experimental S tud ie s  

Euuipment and e x p e r i n e n t a l t e ~ h n i ~ u e .  - The immediate ~ u r -  
pose o f  t h e  study was t h e  de te rmina t ion  of t h e  r e f l e c t i o n  i n d i c e s  
t o  b e  a p F l k d  t o  s p e c t r a  measured around t u r b o j e t s  abcve the  
concrete  area o f  t h e  t e s t  s t a n d  a t  Istres. Consequently, t h e  

experiment31 study wzs orien+,ed c h i e f l y  toward t h e  r e f l e c t i o n  
o f  j e t  noise  by FL p e r f e c t  r e f l e c t o r .  

To  c a r r y  out  t h i s  experimental  ve r i f i ca t im ,  it was necessary 
t o  set ilp t es t  equipment which would proLide simultaneous seaswe- 
ment of t h e  spectra of a jet i n  t h e  free f i e l d  and i n  t h e  presence 
of a r e f l e c t i n g  su r face .  T h i s  requirement obviously excluded t h e  

p o s s i b i l i t y  o f  a d i r e c t  ktudg on a t s r b o j e t .  

The experimental  s tudy was t hus  carried out  on t h e  jet of 
a rngdel w i t h  a convergent nozzle ,  i n  t h e  anechoic chamber of t he  
Center f o r  P r G ? u l s f s r ,  T e s t s  sLt ExZztg.  3csiGez e z t i s f y i ~ s  0 ?he 

condi t ion  of  a f ree  f ie ld ,  there were o t h e r  advantages:  there 
was temporal s 5 a b i l i t y  i n  t h e  j e t  e j c c t l o n  condi t ions ,  and a calm 
and i so thermal  ambient atmosphere. 

One of  t h e  t e s t  rnouiitlngs used i s  shown i n  Figure 10 .  The 

r e f l e c t i n g  plane cor..-istzd a f  m e t a l l i c  pfat .?s  o f  a l i g h t  a l l o y  
f i x e 6  on a framev-Drk. The aer:-5’cmic i : . - i Z ~ s  s t u d i e d  was t h a t  o f  

t h e  j e t  from a convergent nozz le  FX: , sdn ted  ofi a t e s t  pos t  
and suppl ied accorJding t o  consta;::, <- .d -a i r .%t lng  condi t ions .  The 
acous t i c  measurements were made w i t  k> zonventional record ing  
chain,  and t h e  s p e c t r a  were analyzea by l/3 octaves and by  
octaves i n  t h e  frequency range LOO - 4C,OOO Hz. 

. -  

The mode of operation involved record ing  acous t ic -pressure  
s p e c t r a  of t h e  j e t  i n  a f r e e  f t e l d  and i n  t h ?  presence o f  t h e  



r e f l e c t i n g  plane f o r  each experimental  geometry ( c h a r a c t e r i z e d  
by t h e  paranete.rs h ,  h i ,  rl and 8 ) .  

could not be  simxltaneous,  prel iminary tests v e r i f i e d  t h e  per- 
f e c t l y  s teady and r q r o d u c i b l e  c h a r a c t e r  of the s p e c t r a .  

Since these two nieasiiremer,ts 

Some experimental  r e s u l t s .  - The experimental  r e s u i t s  
which w e  shal l  p re sen t  below re fer  t o  a n a l y s i s  b y  1/3-octave 
bands. T h i s  type  of analysis i s  most o f t e n  used i n  t h e  s t u ~ y  of 
no i se  w i t h  continuous s p e c t r a  s i n c e ,  aside from be ing  r a p i d ,  it 
gene ra l ly  &ives sufficient information on t h e  behavior G f  t h e  

spectra s tudied .  We sha l l  l i m i t  ourse lves  t o  the  p r e s e n t a t i o n  G f  

r e s u l t s  f o r  2 very c l o s e  t o  1. T h i s  l i m i t i n g  va lue  tove r s  the  
major i ty  of the  p r a c t i c a l  cases of measurements i n  t h e  far a c m s t i c  
f i e l d  of  t u r b o j e t s  (cn t h e  ground o r  i n  f l i g h t ) .  Figure 11 
presen t s  r e s u i c s  o f  measurements o f  r e f l e c t i o n s  made a t  three 
d i f f e r e n t  azimuths (8 = 30°, 6 0 ° ,  9 0 " ) .  T h i s  s tudy  a t  d i f f e r e n t  
azimuths seemed t o  be ind ispensable ,  as it would lead t o  modifi- 
c z t l n ~  of' t h e  behavior o f  the  a c o u s t i c  p re s su re  spec t rz -eons idered ,  
and thus  v e r i f i c a t i o n  of t h e  hypothesis  of whi te  n o i s e  assumed 
i n  t h e  t h e o r e t i c a l  study. A t  t h e  same t i m e ,  i t  would confirm t h e  

ex i s t ence  of a s i n g l e  c o r r e c t i o n  curve a p p l i c a b l e  t o  j e t  noise .  
The r e s u l t s  show a s a t i s f a c t o r y  agreement between t h e  measure- 
ments and t h e  theory.  

I n  order  t o  examine whether t h e  parameter 2 i s  s u f f i c i e n t  /10-9 
t c  c h a r a c t e r i z e  t h e  geometry o f  t h a  rnzasurement, c e r t a i n  geometric 
qclant i t ies  were va r i ed ,  w h i l e  t h e  value of  Z was held cons t an t .  
Figure 1 2  %bus shows t h e  valu.en o f  AN measured a t  an a z l m t h  
e = 30" i n  conf igura t ions  where Z 5 1, but where t h e  h e i g h t  of 
t h e  r e c e i v e r  was v a r i a b l e  ( h '  = h/2 ,  h '  = h,  and h '  = 3 h ) .  No 
sys temat ic  v a r i a t i o n  was noted. 



A ser ies  of separate measurements r e s u l t e d  i n  experimental  
v e r i f i c a t i o n  of t h e  hypothesis  oi' a d i s t r i b u t i o n  of sources ,  which 
i s  necessary f o r  t h e  c a l c u l a t i o n  of r e f l e c t i m  when t h e  sound 
soczrce has dimensions which are not n e g l i g i b l e  wi tn  r e s p e c t  t o  
t h e  mean he ight .  Some va lues  obta ined  dur ing  these xeasurzments 
are shown i n  Figures  13 and 1 4 .  Two pairs of nozzle-feed condi- 

- t i o n s  were s tudied :  Pj/pa = 1.8 ,  T = 750° K; P. /p  = 3 ,  T j  - 
-. j J a  

lC50" K. 

The r e s u l t s  of  Figure 1 3 ,  corresponding t o  condi t ions  f w  
- 

which D/h = 0.2,  show q u i t e  good agreement between t h e  measured 
va lues  and t h e  t h e o r e t i c a l  curve ca l cu la t ed  by conside--ing three 
independent sources  placed on the  v e r t i c a l  a x i s  of t h e  nozzle:  
one a t  t h e  cen te r ,  t h e  o t h e r  two d iame t r i ca l ly  q p o s e d .  F igure  
1 4  shows the  r e s u l t s  of measurements f o r  the two opera t ing  
condl t ions  descr ibed  previous ly ,  bu t  w i t h  D/h = 0.4 .  While tne  
va lues  recorded f o r  t2e s u b c r i t i c a l  j e t  correspond rather w e l l  
ts t h e  thecreticzl  cu_rve ca l cu la t ed  by cons ider ing  f i v e  inde- 
pendent sources  spaced r e g u l a r l y  a long  t h e  v e r t i c a l  diameter cf 
t h e  nozzle ,  t he  d i f f e rences  i n  t h e  l e v e l s  measui d when t he  j e t  
i s  s u p e r c r l t i c a l  c l e a r l y  diverge.  It thus  seems tha t ,  i n  c e r t a i n  
conf igura t ions  nLgr t h e  plane,  there i s  a rather marked inf luence  
of  the  expansion x t i o ,  and t h e  r e f l e c t i o n  phenomena are t h u s  
a l t e r e d .  
s t u d i e s  . 

Thts  p a r t i c u l a r  case  i s  now t h e . s u b j e c t  of  complementary 

- Cvnc 1.1isions 

T h i s  docment  has reviewed t h e  fundamental r e l a t i o n s  which 
express the  co r rec t ion  f a c t o r s  f o r  r e f l e c t i o n  phenomena which 
m u t  be a p p l i e d  t o  acous t i c  measurements made i n  t h e  presence of 
a r e f l e c t i n g  p lane .  These expresslcns rzqG.frz c e r t a i n  hypotheses; 



two of  them have been e s p e c i a l l y  examined t o  de f ine  the  
p o s s i b i l i t y  of applying them t o  a sound source i n . t h e  f c r m  of 
a jet: 

- hypothesis  of  white  noi: ?;- 

- hypothesis  of  a . .point  somxe.  , 

Given the  small inf luence  of  t h e  s lope  of the spectral  
dens i ty  on the  a u t o c o r r e l a t i o n  c o e f f i c i e n t -  when ' t he  noise  
analyses  are made by l / 3  octaves o r  even  by  oc taves ,  the 'e-per i -  
mer!ta?, behavior of the-  acous t i c  pressu-e spectra of J e t s  has 
allowed the tsgmplifying c m d i t i o n  of wh i t e  ncise t o  be r e t a i n e d -  
f o r  $hese types  of ana lys i s .  

Under c e r t a i n  special measurement concXitions (amall values  
of the  geometr ical  path d i f f e r e n c e ) ,  t h e  sh'ape, of  the no i se  

1 _  spectra of j e t s  apgears i n  the-variation of t he  o v e r a l l - l e v e l  
between the measureKent i n  t h e  presence o f  a p lane  -?nd t h a €  i n  a "  
free- f ie ld .  However, t h i s  v a r i a t j o n  can range from 2 t o  5 de i n  . 
most p r a c t i c a l  cases  -a%ve a p e r f e c t  r e f l e c t o r  ( the  correspond- 
ing  t h e o r e t i c a l  value,  2-suming t h a t  the j e t  enzft,s wnite  noise-, 
would b e  3 d B ) .  - 

Because of t he  dimensions d f  the  zolie oi' acous.stic erriisslon 
of a j e t ,  the examination o f  t h e  v a l i d i t y  o f  t he  hypothesis  o f  
a poin t  s m r c e  has r e s u l t e d  i n  t he  fo l lowing  conclusions:  

- i n  t he  usua l  case  of measurements i n  the  far  acods t i c  
f i e l d ,  t h e  axial  d i s t r i b u t i o n  o f  sound sources  Zn a j e t  can b e  

m g l  i g i b  l e  ; 

- under t h e  same condi t ions  of  masurement ,  t h e  r s t i o  of  
nozzle diameter t o  meanbheight can become a s i g n i f i c a n t  supple- 
mentary papameter when t h e  engin? is on the ground. It i s  then 
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Fassihle to express the zzmrectiori factors Sy cansider ing t h a t  

t h e  enztted noise zones f-or;;. elementary sources d i s t r i k u t d  

a ~ o r y , - t ~  I verticaj. d i m e t e r  of the emitt ing section. 

Fxierimencal s t ~ 6 j j  has confirned the v a l i d i t y  o f  the relations 
establissed f~ s i c h  a d is t r ibu t ion ,  for the hgpotheais of c 
perfectly reglecthg plane. This stwly has also shown that, if 
the j e t  Zs v e r y  near the surface and supplied under certain 
ge-?erating conditions, the iEterference phenomena are aLtered. 
T h i s  problem is presenZZy un5er study, but it alreaey seems t h z t  

for  h5gh expz;nsZon ratfos a-minimal height of the  lower edge 
of the nozzle will be necessary for the app1icationz;r' the 
r e l a t ions  presented. Other special points,  such as the roughmss 
of the' ref-lectirrg - - -  plane 0-2 the' heterogeneity ofr thE atnosphere, 
us11 certaZrLy-kave to b3 cgnsidered t o  complete - these r e s u l t s -  ., - - - 

- -  &spi te  th?se resarks,= the spectra shok-n i n  Figrrre 15 (which /10-1C 
- correspcnd t o  measuremznts- around an ATAE twbcjet  'on the- instal- 
T a t i o n  at Xstres, and irzve been corrected fcr re f lec tbn)  s h o w  

t+t under chz correct  conditians of measueneiit, one carr expect 

a m o r e  z e a l i s t i c  appr6ach ta the f--eeifieXd - acoust ic  character- 
istlics of jets using the 2Topose.d sethod< 
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Measurements of the son ic  f ie lds  of turbcjets are usuzlly 
made on the  gro-and, and tbe  measured a c o u s t i c  p r e s s w e  s p e c t r a  

make t h e i r  u t i l i z a t i o n  d i f f i c u l t .  
thus  percurbed by t h e  complex phenomena o f  r e f l ec t io r ,  which 

SK-ECMA has maae a test i n s t a l l a t i o n  for t h e  measursment of 
t u r b o j e t  no ise ,  conforming to a recom-endation of the I n t e r n a t i o n a l  
Standard,c- Organizp-tion tha t  the zueas*wements be taken  above a 
concre5e area. Consequently, a t h e o r e t i c a l  and experimental  
s tudy of the p r o C c u s  of - r e f l e c t i o n  has been undertaken. 

- 

The r e s u l t s  presented chiefly' concern the inf luence  of 
r e f l e c t i o n s  an  t h e  acous t i c  pressure  s p e c t r a  or' 2ets. 

Exprescions are presented  for %he - i n d i c e s  - -  - of r e f l e c t i o n  which 
_ _  - _ _  

. r e s u l t  f r c m  t he  presence of a r e f l e c t i n g  or p a r t i a l l y  absc >5ing 
p lane  0 

However, t he  hypothesis  of 8 po in t  source, which under c e r t a i n  
condi t ions  can be  r e t a i n e d  f o r  measurclnents i n  t he  far  a c o u s t i c  
f i e l d ,  i s  no ionger  v a l i d  ?-%en t h e  j e t  is  a s h o r t  d i s t ance  from 
t h e  ground. Far h e s e  p a r t i c u l a r  cases ,  cl theory  of r e f l e c t i o n s  
fs de-;cioped which inc ludes  t h e  d i s t r i b u t i o n  of indepenc!ent elem- 
en tary  sources .  A!? experimental  s tudy in En anechoic chanber, 
made on jets af  models and f o r  t h e  most par t  w i t h  p e r f e c t  
r e f l e c t o r s ,  has confirmed t h e  t h e a r e t i c a l  relations estab1isks.i. 
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.f 15-11 

Figure 1. Spectra of a j e t  measured in the preserlce of 
grassy gmund (variable distance). 

F i g u r s  2. S p e c t r a  or' a j e t  maswed  a u r i n g  ar: ove r f l i t sh t .  



I traje’tory 
Path differace.:  

asrr-r i I Geur,etric paraxrecer: 

I 

Flgure 3 .  Diagram cf the problem. 
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Figure  4. R e f l e c t i o n  indices ( p t r f e c t l y  
reflecting p lane ) .  
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E ' i g u ~  6 .  Chai*acterist ics o f  t h e  a c o a s t i c  
ernizsion o f  a j e c .  
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U 1 

-. r ig i r e  7. Influence o f  spec t rum sk.zpe on t h e  
overal l  ref lect icr ,  inden. 

i I 

F i g u r e  8. InflLience o f  th? spec t ra l  slope a n  t h s  
a u t o c o r r e l a t i o n  c o e f f i c i e n t .  
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